High rejection filters are difficult enough to achieve in the UV-VIS -IR with known materials and constants.
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High rejection filters are difficult enough to achieve in the UV-VIS-IR with known materials and constants.
Even more difficult is the design and manufacture of rejection filters in the EUV and VUV given the uncertainty of optical constants and their wide variation over Qthis spectral range.
We have begun work to characterize materials from 584 A to 1 ,300 A to verify reported optical constants, in order to design and realize the optimum collection system.
Interest in the performance of single-and multi-layer structures in the EUV and VUV is increasing.
As a consequence, characterization of materials and verification of optical constants are ongoing with many varying results.
It has been suggested that high reflectivities can be achieved if optimum materials are used and high structural quality for the multi-layer coatings retained.
Even more challenging are the design refinements and the precise thickness requirements necessary to achieve more difficult structures .
ThiS Qwork waso motivated bv^ a need to discriminate among three Lyman series transitions at 975 A, 1026 A, and 1216 A.
The problem is to reject the longer wavelength band and collect the two shorter wavelengths.
Because the tight spacing of these discrete lines, the 10^ rejection required to discriminate between 1026 A and 1216 A, and the fact that random polarization is expected, the task is quite formidable, especially since materials and multi-layer structures for such filters are not well understood.
In this paper, we report on measurements of single-layer structures of aluminum, gold, iridium, and rhodium.
Reflectivity measurements were made at 20, 30, 40, Q 50, 60, and 70 degrees for wavelengths of 584 A (21.25 eV), 835 A (14.85 eV), 1034 A (12.08) eV), 1216 A (10.21 eV) , and 1300 A (9.55 eV), to establish design parameters for the desired multi-layer filters.
We performed model calculations using COPE (Coating Optimization and Evaluation), a Fresnel multi-layer code, and optical constants from the literature.
Results are compared to experiment below.
In addition, a design for a LiF/Si multi-layer filter is included, based on constants from the literature. This structure will be deposited on a LiF substrate and its performance measured in the near future.
Single layer structures were synthesized onto flat fused silica substrates using ebeam deposition techniques.
These single-layer films range in thickness from 350 A for the gold, iridium, and rhodium to 1000 A for aluminum.
Samples were measured in an Acton Research Model VRSC-100 Vacuum Ref lee tome ter .
Measurements above 115 nm used a D5-775 Deuterium Light Source System with a MgF 2 window, while measurements below 115 nm required a windowless gas-discharge source using argon for 835 A and 1034 A and helium for 584 A.
Structural and deposition parameters of the samples are listed in Table 1 . The coated substrates were held in a single sample holder to facilitate positioning of the detector and sample for measurements from 20 to 70 degrees.
Measurements were first made by measuring the light entering the reflectometer with the sample out of the beam. A light pipe /detector assembly was used to make the measurement.
The pipe /detector consisted of a coated sodium salicylate light pipe with an active collecting area 7/16 inch square which is located 4 3/8 inches from the mounting flange.
The light pipe transmitted the light to an end -on photomultiplier tube with a bialkali photocathode.
The sample was placed in the beam and the ratio calculated. The measurements were made with a VM -502, a 0.2-meter, f/4.5 monochrometer utilizing an aberration corrected grating.
Results
The results presented are discrete points for 20, 30, 40, 50, 60, and 70 degree aigles of incidence.
Model calculations including optical constants from the literature are included in Tables 2 through 5 and are compared to the measured reflectivities. Calculations for oblique angles of incidence used in COPE area The coated substrates were held in a single sample holder to facilitate positioning of the detector and sample for measurements from 20 to 70 degrees.
Measurements were first made by measuring the light entering the ref lectometer with the sample out of the beam. A light pipe/detector assembly was used to make the measurement.
The pipe/detector consisted of a coated sodium salicylate light pipe with an active collecting area 7/16 inch square which is located 4 3/8 inches from the mounting flange.
The light pipe transmitted the light to an end-on photomul t ipl ier tube with a bialkali photocathode .
The sample was placed in the beam and the ratio calculated.
The measurements were made with a VM-502, a 0.2-meter, f/4.5 monochrometer utilizing an aberration corrected grating.
The results presented are discrete points for 20, 30, MO, 50, 60, and 70 degree angles of incidence.
Model calculations including optical constants from the literature are included in Tables 2 through 5 and are compared to the measured reflectivities.
Calculations for oblique angles of incidence used in COPE -2a cos cos a + b + 2a cos cos n 1 k 1 + b 2 2 2a sin 6 tan 6 + sin 9 tan 2 2 a + b + 2a sin e) tan 9 sin + 9 tan
where n Q is the index of the incident medium (air) (n 1 -ik-|) is the complex index of refraction, and 9 the incident angle.
Calculated and measured values are the average of the "s" and "p" reflected beams such R + R Table 2 Percent Reflectivities for Aluminum versus Wavelength X and Angle of Incidence Oth(A) is the optical thickness in waves obtained from n1d /A where n1 is the index of the film, dis the physical thickness in microns and X the wavelength of light.
Performed with alternate optical constants.
Over the spectral range measured, the aluminum film showed the least agreement to theory. Results at 584 A, 1034 A, 1216 A, and 1300 A exhibited drastic variations from theory over the angles measured.
The confidence level for measurements at 1216 A and 1300 A is ±2 %, while at 584 X, 835 X, and 1034 A, it is ±10 %. At 584 A, the measurements at 20, 30, and 40 degrees are indicative of a highly absorbing film; however, at 50, 60, and 70 defirees the film is less strongly absorbing.
In the case of the 1034 A, 1216 A, and 1300 A results, one would expect the same theoretical reflectivities encountered in the ultraviolet.
Calculated reflectivities in the UV are typically 92% with a 1 or 2% loss accounted for in the aluminum oxide layer formed.
Measurements reported by MacLeod show a decrease in reflectivity from 92% at 2000 A down to 20% at 1000 A .
Earlier model calculations for these wavelengths did not yield a loss in reflectivity until the film was approximately 40 A thick. Contamination5 during the deposition process could have contributed to this behavior although results at 835 A demonstrate a closer agreement to theory. Model calculations must be made to account for surface contamination on the film,u and constants for the aluminum oxide layer at 835 A need to be verified.
Additional runs will be necessary to verify these results. O th (X) is the optical thickness in waves obtained from n^d/X where n-j is the index of the film, dis the physical thickness in microns and X the wavelength of light.
* Performed with alternate optical constants.
Over the spectral range measured, the aluminum o f i1m showed the least agreement to theory. Results at 584 A, 1034 A, 1216 A, and 1300 A exhibited drastic variations o from theory over the angles measured.
0 Tn e confidence level for measurements at 1216 A and 1300 A is ±2% , while at 584 A, 835 A, and 1034 A, it is ±10$.
At 584 A, the measurements at 20, 30, and 40 degrees are indicative of a highly absorbing film; however, at 50, 60, and 70 decrees the film is less strongly absorbing. In the case of the 1034 A, 1216 A, and 1300 A results, one would expect the same theoretical reflectivities encountered in the ultraviolet.
Earlier model calculations for theseo wavelengths did not yield a loss in reflectivity until the film was approximately 40 A thick.
Contamination^ during the deposition process could have contributed to this behavior although results at 835 A demonstrate a closer agreement to theory. Model calculations must be made to account for ^surface contamination on the film, and constants for the aluminum oxide layer at 835 A need to be verified. Additional runs will be necessary to verify these results.
Table 3
Percent Reflectivities for Gold, versus Wavelength X and Angle of Incidence The measured reflectivities of the gold film were greater than the calculated values from 20 to 50 degrees for all wavelengths except 584 A which was slightly lower than theory but wellowithin 10% for modeling purposes.
At 60 degree angles of incidence, the results at 835 A results are much lower than predicted while the other wavelengths are in very close agreement to theory. These measurements are encouraging and show the best fit to theory for all wavelengths and angles of incidence. For this film, measured reflectivities were greater than the calculated values but within 10 %, which is in enough agreement to theory to confidently model any multi -layer performance below 60 degree angles of incidence.
Results at 70 degrees were within 20% of calculated values.
At 835 A there is a greater discrepancy between theory and experiment.
The discrepancy might indicate the k value is higher than reported. The measured reflectivities of the gold film were greater than the calculated values from 20 to 50 degrees for all wavelengths except 584 A which was slightly lower than theory but well within 10/& for modeling purposes.
At 60 degree angles of incidence, the results at 835 A results are much lower than predicted while the other wavelengths are in very close agreement to theory. These measurements are encouraging and show the best fit to theory for all wavelengths and angles of incidence.
Table 4
Percent Reflectivities for Iridium, versus Wavelength X and Angle of Incidence For this film, measured reflectivities were greater than the calculated values but within 10$, which is in enough agreement to theory to confidently model any multi-layer performance below 60 degree angles of incidence.
At 835 A there is a greater discrepancy between theory and experiment. The discrepancy might indicate the k value is higher than reported. Earlier work7 indicated that maximum relfectance could be achieved if the films were deposited on substrates elevated to 250 C °; however, this film outperformed the predicted values for all wavelengths from 20 to 50 degrees with no apparent performance degradation from an oxide or carbon contamination layer.
At 60 and 70 degree angles of incidence, there are much larger discrepancies in theory and experiment.
At grazing angles, however, measurements are much more difficult and could account for variations.
Desi /n model
Finally it is important to realize that a filter with rejection of 103 (1000:1) between 1026 A and 1216 Á and metal films, depending on the deposition parameters, may be strongly absorbing.
For example they may have high k values and be susceptible to oxidation and carbon contamination which could reduce the performance of any conceived collet tion system. Such absorption leads to the consideration of other materials whose band edge lies below 1000 A and therefore are more stable in air and less susceptible to contamination. LiF, CaF2 and MgF2 are close to the transparency edge at 1000 A with LiF having the highest transmission.
A 12 -layer design at 45° was generated using LiF /Si multilayers on an LiF substrate.
The structural parameters are listed in Table 6 and the reflectivity vs. wavelength performance are shown in Figure 1 . This approach assumes the collection of a randomly polarized beam such that two mirrors used in the configuration depicted in Fig. 2 would yield the product of the s and p reflection.
The product of the two polarizations yields a rejection greater than 1000:1 as shown in Table 8 . Table 5 Percent Reflectivities for Rhodium, versus Wavelength X and Angle of Incidence Earlier work' indicated that maximum relfectance could be achieved if the films were deposited on substrates elevated to 250 C°; however, this film outperformed the predicted values for all wavelengths from 20 to 50 degrees with no apparent performance degradation from an oxide or carbon contamination layer.
Finally it is important to realize that a filter with rejection of 1 O 3 (1000:1) between 1026 A and 1216 A and metal films, depending on the deposition parameters, may be strongly absorbing. For example they may have high k values and be susceptible to oxidation and carbon contamination which could reduce the performance of any conceived collec tion system. Such absorption leads to the consideration of other materials whose band edge lies below 1000 A and therefore are more stable in air and less susceptible to contamination. LiF, CaF 2 and MgF 2 are close to the transparency edge at 1000 A with LiF having the highest transmission.
A 12-layer design at 45° was generated using LiF/Si multilayers on an LiF substrate. The structural parameters are listed in Table 6 and the reflectivity vs. wavelength performance are shown in Figure 1 .
This approach assumes the collection of a randomly polarized beam such that two mirrors used in the configuration depicted in Fig. 2 would yield the product of the s and p reflection.
The product of the two polarizations yields a rejection greater than 1000:1 as shown in Table 8 . In addition, model calculations will be performed to account for other effects caused by contamination from carbon or oxidation layers formed.
Recent work with Mo /Si multilayers has shown promise and only furthers the interest in modeling and depositing Al /Si, Au /Si, Ir /Si and Rh /Si multilayers as candidates for achieving the desired collection system. Experimental and modeling results of reflectivities for incidence angles of 20, 30 40, 50, 60, and 70 degrees of single layer structures of aluminum, gold, iridium, and rhodium for 584 A 835 A, 1034 A, 1216 A, and 1300 A radiation have been presented and compared. It was shown, in many cases, that the experimentally observed reflectivities were, at minimum, equal to the predicted values if not slightly greater than calculated.
The next phase of this program will be to continue single layer analysis of other candidate materials such as LiF and Si to verify reported constants and then build multi-layers such as the case presented for the 12 layer LiF/Si multi-layer design.
In addition, model calculations will be performed to account for other effects caused by contamination from carbon or oxidation layers formed.
Recent work with Mo/Si multilayers has shown promise and only furthers the interest in modeling and depositing Al/Si, Au/Si , Ir/Si and Rh/Si multilayers as candidates for achieving the desired collection system. 
